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The development of digestive organs in vertebrates involves active epithelial–mesenchymal interactions. In the chicken proventriculus
(glandular stomach), the morphogenesis and cytodifferentiation of the epithelium are controlled by the inductive signaling factors that are secreted
from the underlying mesenchyme. Previous studies have shown that Fgf10 is expressed in the developing chicken proventricular mesenchyme,
whereas its receptors are present in the epithelium. In our present study, we show that FGF10 is an early mesenchymal signal that is critically
associated with the developmental processes in the proventricular epithelium. Furthermore, virus-mediated Fgf10 overexpression in ovo results in
a hypermorphic epithelial structure and an increase in epithelial cell number. In contrast, the overexpression of a secreted FGFR2b (sFGFR2b), an
FGF10 antagonist, blocks cell proliferation and gland formation in the proventricular epithelium in ovo. This downregulation of proliferative
activity was subsequently found to retard gland formation and also to delay differentiation of the epithelium. These results demonstrate that FGF10
signaling, mediated by FGFR1b and/or FGFR2b, is required for proliferation and gland formation in the epithelium in the developing chick
embryo.
© 2005 Elsevier Inc. All rights reserved.Keywords: FGF10; FGFR1b; FGFR2b; ECPg; cSP; sFGFR2b; Digestive tract; Epithelial–mesenchymal interactions; Stomach; Proventricular glandIntroduction
The digestive organs are derived from the primitive gut and
have been used as a model system to explore the molecular
mechanisms underlying the tissue interactions that occur during
organogenesis in vertebrates. Vertebrate digestive organs are
composed of endodermal epithelium and mesenchyme derived
from the splanchnic mesoderm. In addition, the importance of
epithelial–mesenchymal interactions in the morphogenesis and
cytodifferentiation of these organs has been well documented
(Le Douarin, 1975; Wessels, 1977; Haffen et al., 1987; Mizuno
and Yasugi, 1990; Yasugi and Fukuda, 2000). Our present study⁎ Corresponding author. Fax: +81 426 77 2559.
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doi:10.1016/j.ydbio.2005.12.019investigates the molecular mechanisms underlying the epithelial
cell differentiation of the chicken proventriculus (glandular
stomach), that is situated anterior to the gizzard (muscular
stomach) and characterized by the development of compound
glands (Romanoff, 1960). Gland formation is initiated from
about day 6 of incubation. The presumptive glandular
epithelium can be recognized from day 6 by the expression of
cSmad8 (Shin et al., 2005), which encodes a mediator of bone
morphogenetic protein (BMP) signaling. At this stage, the
presumptive glandular epithelium invaginates into the underly-
ing mesenchyme, and at day 8, the glandular epithelial cells
begin to express embryonic chicken pepsinogen (ECPg), a
functional differentiation marker of glandular epithelial cells
(Hayashi et al., 1988). Epithelial cells that do not invaginate into
mesenchyme on day 6.5 differentiate into luminal epithelial
cells and express cGata4 (Shin et al., 2005), sonic hedgehog
(Shh, Narita et al., 1998), and chicken spasmolytic polypeptide
(cSP), which is a differentiation marker of luminal epithelial
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expressions of cSP and ECPg are mutually exclusive in the
proventricular epithelium (Tabata and Yasugi, 1998; Sakamoto
et al., 2000), indicating that this structure differentiates into
luminal or glandular epithelium up to this stage of chicken
embryo development.
Gland formation and ECPg expression depend upon
induction from the underlying mesenchyme and also upon the
competence of the epithelium to respond to this signaling
(Takiguchi et al., 1986; Urase and Yasugi, 1993; Yasugi, 1993;
Fukuda et al., 1994). It has also been shown that these inductive
signals are emitted from the proventricular mesenchyme (Urase
et al., 1996; Koike and Yasugi, 1999). It was previously reported
that Bmp2 is specifically and temporally expressed in the
proventricular mesenchyme, prior to gland formation, and that it
may enhance gland formation of the epithelium in vitro (Narita et
al., 2000). In contrast, epidermal growth factor receptor (Egfr),
encoding a tyrosine kinase receptor that mediates signals from
ligands such as EGF, TGFβ, amphiregulin, and HB-EGF, is
expressed throughout the gut epithelium (Takeda et al., 2002).
Activation of this receptor promotes the differentiation of the
proventricular epithelium into cSP-expressing luminal epitheli-
um in vitro. Although these findings confirm the importance of
epithelial–mesenchymal interactions in the morphogenesis of
the proventricular epithelium, and of the involvement of growth
factors in the process, the precise molecular mechanisms
underlying the influence of the mesenchyme in these events
have not yet been fully elucidated.
We focused on the action of fibroblast growth factors (FGFs)
which are known to be involved in the developmental processes
of many vertebrate organs (Basilico and Moscatelli, 1992;
Szebenyi and Fallon, 1999; Powers et al., 2000). In particular,
we examined the role of the FGF10 mesenchymal factor which
may act on the epithelium in the developing proventriculus.
FGF10 has been shown to be involved in the epithelial–
mesenchymal interactions that occur during the morphogenesis
of many vertebrate organs (Ohuchi et al., 2000; Mailleux et al.,
2002; Makarenkova et al., 2000; Alvarez et al., 2003; Wright
and Mansour, 2003; Harada et al., 2002; Ohuchi et al., 2003;
Suzuki et al., 2000; Asaki et al., 2004; Burns et al., 2004).
Dysgenesis of the posterior section of the stomach was also
observed in Fgf10−/− mice (Bhushan et al., 2001). However,
while much is known about the requirement of Fgf10 in many
developing organs, little is known about its potent role in
digestive organ development.
The binding specificities between FGF1–23 and the FGF
receptors (FGFR1–4) are regulated primarily by two alterna-
tively spliced isoforms of FGFR1, 2, and 3. FGF1, 3, and 10
activate the isoforms of FGFR1 (FGFR1b) and FGFR2
(FGFR2b), whereas FGF7 binds only to FGFR2b (Itoh and
Ornitz, 2004; Ornitz et al., 1996; Beer et al., 2000). In contrast,
FGF1, 2, 4, 6, 8, and 9 bind FGFR1c, FGFR2c, FGFR3c, and
FGFR4. Hence, the complexity of FGF-FGFR binding creates
the spatiotemporal activation of FGFR signaling in a tissue-
specific manner, resulting in proper organogenesis.
Dominant-negative strategies have been used to overcome
the functional redundancies that arise from the multiple FGF-FGFR associations (Ueno et al., 1992; Amaya et al., 1991;
Werner et al., 1992, 1994; Peters et al., 1992; Robinson et
al., 1995; Jackson et al., 1997; Marics et al., 2002). A
secreted FGFR2b (sFGFR2b) selectively disrupts FGF
signaling by binding a specific subset of FGFs (1, 3, 7,
and 10) and prevents a number of downstream processes
such as feather placode formation by FGF10, which is
secreted from the underlying mesenchyme in ovo (Mandler
and Neubuser, 2004). Both transgenic mice overexpressing
dominant-negative Fgfr2b (Celli et al., 1998) and Fgfr2b-
deficient mice (De Moerlooze et al., 2000) show similar
phenotypes to those that are characteristic of Fgf10 mutant
mice. These results indicate that the dominant-negative
strategy in studying developmental pathways has consistently
implicated the importance of FGFR signaling during multiple
organ development. In addition, overexpression of dominant-
negative FGFR2b has been shown to suppress endogenous
FGF10 function. Furthermore, although the dysgenesis of the
glandular stomach was described in Fgf10 mutant mice
(Ohuchi et al., 2000), little is currently known about the
apparent role of FGFR signaling in the later occurring events
in gastrointestinal organogenesis, such as gland formation
and differentiation of the stomach.
We have previously reported the precise expression
patterns of Fgf10 in the mesenchyme and of the FGF
receptors in the epithelium of the developing chicken
proventriculus (Shin et al., 2005) and suggested the
possibility of a direct effect of FGF10 secreted from the
mesenchyme in epithelial morphogenesis and differentiation.
In the present study, we report both gain- and loss-of-
functional analyses of FGF10 signaling in ovo. Fgf10-infected
proventriculi of chicken embryos exhibited a hypermorphic
epithelium, due to excessive cell proliferation stimulated by
forced Fgf10 expression. We also examined the effects of an
FGF signaling block, via FGFR1b and FGFR2b, upon the
formation and differentiation of the proventricular epithelium.
Overexpression of RCAS-sFgfr2b caused severe defects in
gland formation and the downregulation of proliferative
activity in the epithelium. These results clearly demonstrate
that FGF10 signaling in the epithelium is required for the
formation of glands and the differentiation of the proven-
tricular epithelium in chicken.
Materials and methods
Chicken strains
Embryos from the C/O chicken strain are susceptible to all subgroups of the
avian retrovirus (Iba, 2000) and were therefore infected with the avian subgroup
A retrovirus to introduce exogenous genes into the nascent proventriculus. This
strain was established, maintained, and supplied by the Nippon Institute for
Biological Science (Kobuchizawa, Japan).
In situ hybridization
In situ hybridization with digoxigenin-labeled RNA probes was performed
on cryosections as previously described (Ishii et al., 1997). Briefly, embryos and
tissues were fixed with 4% paraformaldehyde and embedded in OCT compound
(Miles, 4583). Probes were derived from cDNA fragments of ECPg (Hayashi et
13M. Shin et al. / Developmental Biology 294 (2006) 11–23al., 1988), cSP (Tabata and Yasugi, 1998), cSmad8 (ChEST222H17; Shin et al.,
2005), cGata4 (ChEST207P4; Shin et al., 2005), cFgf1 (ChEST630I2 and
ChEST774L16), cFgf10 (a gift from Dr. T. Nohno; Ohuchi et al., 1997), cFgfr1
(a gift from Dr. C. Marcelle; Marics et al., 2002), cFgfr2, quailFgfr4 (a gift from
Dr. C. Marcelle; Marics et al., 2002), Shh (a gift from Dr. T. Nohno; Nohno et al.,
1995), Ihh (a gift from Dr. C. J. Tabin; Vortkamp et al., 1996), Hnf3β, Egfr
(Takeda et al., 2002), cSox2 (Ishii et al., 1998), cGK19 (Sato and Yasugi, 1997),
cFra2 (Matsumoto et al., 1998), and env (a gift from Dr. H. Iba; Narita et al.,
2000).
Construction of vectors for viral infection and virus-mediated
overexpression in ovo
The entire coding regions of both EGFP from the pEGFP-N1 vector
(Clontech) and the mouseFgf4 gene (K-Fgf, a gift from Dr. L. Niswander) were
separately inserted into a replication-competent retroviral vector RCAS
(generating RCAS-EGFP and RCAS-mouseFgf4). After packaging and ampli-
fication of RCAS-EGFP, RCAS-ratFgf10 (Ohuchi et al., 1997), RCAS-
mouseFgf4, RCAS-sFgfr2b (Mandler and Neubuser, 2004), and RCAS-secreted
quail Fgfr4 (a gift from Dr. C. Marcelle; Marics et al., 2002), these viruses were
injected directly into the proventricular region of day 3.5 or day 5 chicken
embryos with a glass capillary in ovo, as indicated in Fig. 1R. Because the virus
infections were restricted only to the proventriculus and narrow region of
neighboring organs, overexpression of the target genes did not cause embryonic
lethality. Almost all of the infected embryos survived until day 16.5 and were
analyzed by in situ hybridization for marker gene expression.
Analysis of DNA synthesis and cell counting
The number of DNA synthesizing cells in the embryos was determined by
immunohistochemistry for incorporated 5-bromo-2′-deoxyuridine (BrdU) using
BrdU Labeling Reagent (Zymed). The method used was slightly modified from
the protocol described in the cell proliferation kit (Amersham). Briefly, 500 μl
aliquot of BrdU was dropped directly onto the chorio-allantoic membrane of
embryos in ovo. The embryos were further incubated for 30 min at 37°C, and theFig. 1. In situ hybridization of serial transverse sections of day 12 proventriculi after
expression of env (G), cSP (B, H), cGata4 (C, I), Shh (D, J), ECPg (E, K), cSmad8 (F,
analyzed. The region of the proventriculus (PV) into which virus was injected is sh
expressed EGFP (A), and complex glands expressing ECPg (E) and cSmad8 (F) and
have differentiated. RCAS-ratFgf10 repressed the expression of cSP (H) and Shh (J) i
expression of ECPg (K) in glandular epithelium expressing cSmad8 (L, white arrowproventriculi were fixed with 4% paraformaldehyde overnight at 4°C and then
embedded in OCT compound. After in situ hybridization, the specimens were
treated with 1 N HCl for 10 min. The primary antibody supplied with the Cell
Proliferation Kit was used for recognition of incorporated BrdU. The secondary
antibody used was from the Histofine Simple Stain Max-PO-Multi kit (Nichirei),
and the color was developed with Histofine Simple Stain DAB (3, 3′-
diaminobenzidine) Solution (Nichirei).
Labeling indices (the ratio of BrdU-labeled cells to total cells × 100) were
used to indicate the cell proliferation rate. The labeling index was determined by
counting the numbers of labeled and unlabeled cells under a light microscope or
on a photomicrograph.Results
The effects of Fgf10 overexpression upon the differentiation of
the chicken proventricular epithelium in ovo
The detection of Fgfr1b and Fgfr2b expression in the
proventricular epithelium and Fgf10 expression in the mesen-
chyme (Shin et al., 2005) revealed the possibility that Fgf10
may have a regulatory role. To investigate this further, we
overexpressed rat Fgf10 in the chicken proventriculus using the
RCAS retrovirus vector in ovo (Fig. 1). Exogenous viral
transcription can be specifically detected by env gene
expression, which encodes a retroviral envelope protein (Fig.
1G). Day 12 proventriculi that had been infected with RCAS-
EGFP on day 5 exhibited normal development (Fig. 1A). ECPg
and cSmad8 were expressed normally in the glandular
epithelium (Figs. 1E, F), and the expression of cSP, cGata4,
and Shh was detectable in the luminal epithelium (Figs. 1B–D).
In addition, both epithelia retained a monolayer structure. Ininfection of RCAS-EGFP (A–F) or RCAS-ratFgf10 (G–Q) on day 5 in ovo. The
L), cSox2 (M), cGK19 (N), cFra2 (O), Ihh (P), andHnf3ß (Q) and EGFP (A) was
own in panel (R). The proventriculus infected with control virus (A–F) widely
luminal epithelium expressing cSP (B), cGata4 (C), and Shh (D) were found to
n luminal epithelium expressing cGata4 (I, yellow arrowheads) and inhibited the
heads). LV, liver. Scale bar, 200 μm.
14 M. Shin et al. / Developmental Biology 294 (2006) 11–23contrast, RCAS-ratFgf10-infected proventriculi showed a
multilayered hypermorphic epithelial structure (Figs. 1G, 2A,
B), indicating that Fgf10 may be affecting epithelial morpho-
genesis. In the epithelium where the virus was infected, a
reduction of both cSP (indicated by yellow arrowheads in Fig.
1H) and ECPg (indicated by white arrowheads in Fig. 1K)
expression levels was observed, although cGata4 and cSmad8
were expressed normally in the luminal and glandularFig. 2. In situ hybridization of serial transverse sections of day 10 proventriculi a
day 10 uninfected proventriculi (C, R–V). The expression of env (E, K), cSP (B
cFgfr2 (I, O, U), and Egfr (J, P, V) was analyzed. The luminal epithelium (A
epithelium (B, B′, K–P) was highlighted by expression of cSmad8 (M) as cSmad
Proliferating cells were detected after in situ hybridization of cSmad8 (A), cGata4
glandular epithelium which did not express cSP (B′). Panel B′ is a magnified
epithelium and mesenchyme is highlighted in panels B and L. (D) Percentage o
infected with RCAS-ratFgf10. Uninfected proventriculi were used as controls. The
cGata4-negative glandular epithelia as shown in panels A and B, respectively.
negative GE (part of neither the glandular epithelium which differentiates into lu
proventriculi is shown in panel Q and indicated by green arrowheads. *P b 0.01
were analyzed by the Student's t test. Each bar for epithelia represents data from
represent standard deviations. Scale bar in panel A, 200 μm (A–C). Scale bar in
panel Q, 200 μm.epithelium, respectively (Figs. 1I, L). The expression of
cGata4 in the luminal epithelium was rather augmented (Fig.
1I), and the expression of Shh in this region was repressed (Fig.
1J). Ihh and Hnf3β, however, were expressed throughout the
epithelium (Figs. 1P, Q), as found in normal development.
Finally, in the Fgf10-infected proventriculi, an increase in the
number of apoptotic cells was not detected in the epithelia (data
not shown).fter infection of RCAS-ratFgf10 (A–B′, E–P) on day 5 in ovo and those of
′, F), cGata4 (B, G, R), ECPg (L), cSmad8 (A, M, S), cFgfr1 (H, N, T),
, E–J) was identified by expression of cGata4 (G), whereas the glandular
8 and cGata4 define the glandular (S) and luminal (R) epithelia, respectively.
(B), and cSP (B′). Large numbers of proliferating cells were observed in the
image of the boxed area in panel B. The boundary between the glandular
f BrdU-positive cells of the epithelium and mesenchyme in 10-day embryos
labeling indices were analyzed in the cSmad8-negative luminal epithelia and
Forced Fgf10 expression significantly increased the labeling index in cSP-
minal nor the remaining glandular epithelium). Fgf1 expression in day 10.5
and **P b 0.0001 against uninfected luminal or glandular epithelia. P values
at least eight samples, that of mesenchyme from four samples. Error bars
panel B′, 100 μm. Scale bar in panel E, 200 μm (E–P, R–V). Scale bar in
15M. Shin et al. / Developmental Biology 294 (2006) 11–23The effects of Fgf10 overexpression upon the epithelial
proliferation
The results of our Fgf10 overexpression studies suggested
the possibility that cellular proliferation that was induced by
forced Fgf10 expression might be the cause of the hyper-
morphic epithelial structure and of the disruption in epithelial
differentiation. To test this possibility, cell proliferation levels
were analyzed by BrdU incorporation assays for 30 min prior to
the sacrifice of the embryos on day 10 (Fig. 2). Overexpression
of Fgf10 resulted in an increase in BrdU incorporation in the
cells of the luminal and glandular epithelia (Figs. 2A, B) but had
no effect on cell proliferation in the mesenchyme (Fig. 2D). The
cGata4-positive luminal epithelium and cSmad8-positive
glandular epithelium showed 49% and 25% higher proliferative
activity than the control epithelium, respectively. There is no
clear proliferative zone in the normal proventricular epithelium
(Fig. 2C; Jin et al., 1996). However, in the glandular epithelium
of the Fgf10-infected proventriculus, a BrdU-positive prolifer-
ative basal zone which did not express cSP was observed,
whereas cSP expression was induced in the upper zone of the
glandular epithelium (Fig. 2B′). In particular, in the glandular
epithelium which did not express cSP, 56% of the cells were
proliferating and not expressing ECPg (Fig. 2L), as a result of
forced Fgf10 expression. In contrast, this value in the control
glandular epithelium was 17.2% (Fig. 2D). Moreover, epithelial
cells that had been newly generated in the basal zone of Fgf10
overexpressing embryos appeared to migrate upwards to the
lumen (upper zone) where proliferative activity was reduced
and resulted in the formation of multilayered structures. These
results clearly demonstrate that Fgf10 upregulates cell prolif-
eration in both the luminal and glandular epithelia but not in the
mesenchyme in ovo.
It is noteworthy that some parts of the glandular epithelia of
proventriculi infected with RCAS-ratFgf10 expressed cSP, Shh,
cSox2, cGK19, cFra2, and Egfr (Figs. 1H, J, M, N, O, 2P),
which are normally strongly expressed in the luminal
epithelium (Tabata and Yasugi, 1998; Narita et al., 1998; Ishii
et al., 1998; Sato and Yasugi, 1997; Matsumoto et al., 1998;
Takeda et al., 2002). The expression of Egfr was strongly
induced in both of the epithelia immediately following forced
Fgf10 expression (Figs. 2J, P) but only weakly expressed in the
epithelium on day 10 (Fig. 2V). The expression levels of Fgfr1
and Fgfr2 were not altered by the overexpression of Fgf10
(compare Figs. 2H and N with T, Figs. 2I and O with U).
Furthermore, almost all of the cSP-positive glandular epithelial
cells (Fig. 2B′) were localized to the luminal side of the glands
(upper zone) in these Fgf10 overexpressing embryos, apart from
the mesenchyme, and did not show active proliferation (Fig.
2B). However, although almost all of the epithelial cells
overexpressed Fgf10 in the infected embryos (Fig. 2K) and
expressed Fgfr1 and Fgfr2 (Figs. 2H, I, N, O), only epithelial
cells attached to the mesenchyme (basal zone) were observed to
actively proliferate (Fig. 2B). These findings suggest that the
overexpression of Fgf10 leads to the ectopic differentiation of
luminal epithelial cells in the glandular epithelium (see
Discussion).In the basal proliferative zone of the glandular epithelium,
RCAS-ratFgf10 virus strongly repressed ECPg expression (Fig.
2L) whether it infected the epithelium (Fig. 2K) or mesenchyme
(data not shown). cSP expression was repressed in the
proliferating luminal epithelium only where RCAS-ratFgf10
was infected (Figs. 2A, E, F). These results indicated that
mesenchymal FGF10 and the active proliferation might
strongly repress the differentiation of glandular epithelium
expressing cSmad8 (Fig. 2M).
The effects of the overexpression of Fgf4 on the epithelial
differentiation
In addition to Fgfr1b and Fgfr2b, Fgfr1c and Fgfr4 are also
expressed in the proventricular epithelium (Shin et al., 2005),
suggesting that they might contribute to epithelial cell
proliferation, although their FGF ligands have not been
identified in the proventriculus. Since FGF4 binds to FGFR1c
and FGFR4, whereas FGF10 binds to FGFR1b and FGFR2b,
the overexpression of Fgf4 in the proventriculus was investi-
gated to determine if the stimulation of Fgfr1c and Fgfr4
induces hypermorphosis of both epithelia, as observed in Fgf10-
infected proventriculi. Day 5 proventriculi were infected with
RCAS-mouseFgf4 in ovo and examined on day 12 (Fig. 3). In
the epithelial regions expressing Fgfr1 and Fgfr4 (Figs. 3I, J),
however, hypermorphosis was not observed (Fig. 3F), and there
was no repression of cSP and ECPg expression (Figs. 3G, H).
By comparison, strong Fgfr1 expression (Fig. 3I, indicated by
red arrowhead) and occasional ectopic cell growth (data not
shown) were observed in the mesenchyme following RCAS-
mFgf4 infection (Fig. 3F). It therefore seems that FGF4
activates FGFRs in the mesenchyme but not in the epithelium,
as seen in the limb (Laufer et al., 1994). Hence, the expression
of Fgfr1c and Fgfr4 in the epithelium was not required for
epithelial cell proliferation. The expression of Fgfr1 and Fgfr2
in the Fgf10-infected proventricular epithelium (Figs. 2H, N
and I, O) suggests that specific FGF10-FGFR1b and/or FGF10-
FGFR2b signaling may stimulate epithelial cell proliferation,
and this maintains proper developmental progression in the
luminal and glandular epithelia although the forced Fgf7
expression only promoted the growth of luminal epithelium
where Fgfr2b was strongly expressed (data not shown).
The effects of the forced expression of sFgfr2b upon gland
formation in the proventricular epithelium in ovo
In addition to Fgf10 expression, we found that Fgf1 was
expressed in the outermost part of the mesenchyme that was
furthest removed from the epithelium (Fig. 2Q). Since Fgf3 and
Fgf7 are not expressed in the proventriculus (Shin et al., 2005),
it is highly possible that the activation of FGFR1b and FGFR2b
expression in the epithelium is regulated only by FGF10
secreted from the mesenchyme and that secreted FGFR2b can
be expected to inhibit the endogenous function of FGF10. To
further understand the role of FGF10 signaling in the epithelium
during the early development of the proventriculus, we inserted
sFGfr2b, generated by fusing the extracellular ligand binding
Fig. 3. In situ hybridization of serial transverse sections of day 12 proventriculi after infection of RCAS-EGFP (A–E) or RCAS-mouseFgf4 (F–J) on day 5 in ovo,
detecting expression of env (F), cSP (B, G), ECPg (C, H), cFgfr1 (D, I) and qFgfr4 (E, J) and EGFP (A). Overexpression of Fgf4 did not repress the differentiation of
the epithelium into luminal (G) or glandular (H) parts, whereas induction of Fgfr1 in the mesenchyme is indicated by a red arrowhead (I). cFgfr1 (I) and qFgfr4 (J)
were expressed in the epithelium infected with RCAS-mouseFgf4. Scale bar, 200 μm.
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immunoglobulin (IgG), as previously reported (Mandler and
Neubuser, 2004), into the RCAS-BP(A) vector (referred to
RCAS-sFgfr2b) and infected chicken embryos in ovo. The virus
solution was injected into the presumptive proventricular region
of day 3.5 embryos which were further incubated until either
day 7.5 (Fig. 5) or 10.5 (Fig. 4) to allow widespread infection
throughout the mesenchyme prior to epithelial gland formation.
Proventricular development in embryos infected with control
virus (RCAS-EGFP) (Figs. 4A–C, G–I) was indistinguishable
from uninfected embryos. Moreover, in the controls, cSmad8
and ECPg were strongly expressed in the invaginated glandularFig. 4. In situ hybridization of serial transverse sections of day 10.5 proventriculi
after infection of RCAS-EGFP (A–C, G–I) or RCAS-sFgfr2b (D–F, J–L) on day
3.5 in ovo, detecting expression of env (A, D), cSmad8 (B, E), ECPg (C, F), cSP
(G, J), cGata4 (H, K), and Shh (I, L). Scale bar in panel A, 200 μm.
Fig. 5. (A) A schematic drawing of the 7.5-day digestive tract in the chicken
embryo. 7.5-day proventriculi were dissected as indicated by the red portion in
panel (A). (B, C) Gland formation was normally observed (B, magnified in B″)
in the proventriculus expressing EGFP (B′), whereas glands were not formed in
the proventriculus infected with RCAS-sFGfr2b (C). (D–O) In situ hybridiza-
tion of serial transverse sections of day 7.5 proventriculi after infection of
RCAS-EGFP (D–F, J–L) or RCAS-sFgfr2b (G–I, M–O) on day 3.5 in ovo,
detecting expression of env (D, G), cSmad8 (E, H), ECPg (F, I), cSP (J, M),
cGata4 (K, N), and Shh (L, O). ES, esophagus; PV, proventriculus; GZ, gizzard;
SI, small intestine; CC, caecum; LI, large intestine. Scale bar in panel D, 200 μm
(D–O).
Fig. 6. Quantification of labeling indices of BrdU-positive cells of the
proventricular epithelium in 7.5- and 10.5-day chick embryos infected with
RCAS-EGFP and RCAS-sFgfr2b. *P b 0.01 and **P b 0.0001 against RCAS-
EGFP-infected luminal or glandular epithelia. P values were analyzed by the
Student's t test. Each bar represents data from at least nine samples. Error bars
represent standard deviations. LE, luminal epithelium; GE, glandular
epithelium.
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(Figs. 4B, C, G–I), indicating that virus infection itself (Fig. 4A)
does not disturb the morphogenesis or differentiation of the
proventricular epithelium. In contrast, 10.5-day embryos
infected with RCAS-sFgfr2b virus (Fig. 4D) showed severe
defects in epithelial development. A fewer number of glands,
detected by a faint expression of cSmad8 (Fig. 4E), were
observed, and invagination into the mesenchyme was repressed.
ECPg expression was also very weakly observed in the RCAS-
sFGfr2b-infected glands (Fig. 4F). RCAS-sFGfr2b infection
also disrupted luminal differentiation and repressed cSP and
cGata4 expression in the epithelium (Figs. 4J, K), whereas Shh
expression was not downregulated (Fig. 4L). These results
indicate that forced sFgfr2b expression represses gland
formation and suggest that FGF signal is required for the
differentiation of both the luminal and glandular epithelia in the
chicken proventriculus.
To analyze any additional effects of the overexpression of
sFgfr2b, embryos infected with RCAS-sFGfr2b virus on day 3.5
were analyzed at an earlier stage of development (Fig. 5). In 7.5-
day proventriculi infected with control virus (Figs. 5B, B′),
developed glands were seen from the outside of the proven-
triculus (Fig. 5B″). The invaginated presumptive glandular
epithelium expressed cSmad8 (Fig. 5E) but had not yet
activated ECPg expression (Fig. 5F), whereas cSP, cGata4,
and Shh were expressed in the luminal epithelium (Figs. 5J–L).
In contrast, gland formation was not observed in all proven-
triculi infected with RCAS-sFGfr2b virus (Fig. 5C). Some very
small immature glands were formed, but the subsequent
invagination of the epithelium into the mesenchyme was
repressed in these embryos (Fig. 5H). In such proventriculi,
ECPg, cSP, and cGata4 expression did not initiate in the
luminal and glandular epithelia (Figs. 5I, M, N), although the
expression of Shh was augmented in the luminal epithelium
(Fig. 5O). Thus, the differentiation pathways appeared to be
already repressed prior to day 7.5 and persisted until at least day
10.5 in these RCAS-sFGfr2b-infected embryos.
We next examined the important issue of whether the
proliferative activity in the epithelia is downregulated by forced
sFgfr2b expression (Fig. 6). In the control luminal and
glandular epithelia, the high levels of proliferation detectable
on day 7.5 were found to gradually decrease up until day 10.5.
Moreover, the proliferation activity of the glandular epithelium
was higher than that of the luminal epithelium. Additionally, in
embryos infected with RCAS-sFgfr2b, the proliferative activ-
ities of both the luminal and glandular epithelia were
statistically significantly lower than those of control epithelia
on day 7.5 and 10.5, except in the luminal epithelia on day 10.5.
The effects of the inhibition of FGFR1b and FGFR2b signaling
on proventricular epithelial development
During the early development of proventricular epithelium,
the disruption of FGF signaling through FGFR1b and FGFR2b
caused a downregulation of proliferative activity (Fig. 6). In
E18.5 transgenic mice expressing sFgfr2b, the glandular
epithelium was found to be replaced by non-glandularepithelium (Celli et al., 1998). We analyzed later stage
proventriculi in which FGF signaling had been disrupted by
forced sFgfr2b expression prior to gland formation (Figs. 7E–
H). In the control proventriculus at day 16.5 (Figs. 7A–D), an
invaginated glandular epithelium was observed to further form a
large number of complex glands cells, all expressing ECPg and
cSmad8 (Figs. 7B, C). The luminal epithelia of these controls,
expressing cSP (Fig. 7D), formed simple glandular structures
(indicated by yellow arrowheads in Fig. 7D′). In contrast, all of
the embryos infected with RCAS-sFgfr2b virus (Figs. 7E, I)
showed a variety of phenotypes that were characterized by
disrupted epithelial development. In embryos with milder
versions of these phenotypes (Figs. 7E–H), gland formation
occurred (Figs. 7F, G), but complex glands were found to have
decreased in number and in size. In embryos with more severe
phenotypes, however (Figs. 7I–L), rudimental glands expres-
sing cSmad8 remained (Fig. 7K, green arrowhead in K′), but
these barely expressed ECPg (Fig. 7J, green arrowhead in J′).
Additionally, in the luminal epithelia of these embryos,
invagination did not sufficiently progress (Fig. 7H′), and cSP
and ECPg expression was detected in the luminal epithelium
and complex glands, respectively.
FGFR4 is believed not to bind FGF10 as well as FGF3 and 7
(Ornitz et al., 1996; Itoh and Ornitz, 2004). The potential
binding ability between FGF10 and FGFR4 was structurally
implicated by that the amino acids sequence of FGFR4 in the
third Ig-like domain is highly similar to those of FGFR1–3c
which FGF3, 7, and 10 do not bind (Marcelle et al., 1994).
These data suggest that FGFR4 does not bind to FGF7
subfamily including FGF10 although it binds FGF1, 2, 4, 6,
8, 9, 16, 17, and 19 (Eswarakumar et al., 2005).
In contrast, forced sFgfr4 expression, which does not block
the action of FGF10, did not disturb epithelial morphogenesis
(Figs. 7M–P). The epithelia of complex glands in these
embryos strongly expressed cSmad8 (Fig. 7O), and ECPg
Fig. 7. In situ hybridization of serial transverse sections of day 16.5 proventriculi after infection of RCAS-EGFP (A–D) or RCAS-sFgfr2b (E–L) or RCAS-sFgfr4 (M–
P) on day 3.5 in ovo, detecting expression of env (A, E, I, M), ECPg (B, F, J, N), cSmad8 (C, G, K, O), and cSP (D, H, L, P). Simple gland formation in the luminal
epithelium indicated by yellow arrowheads in panel (D′) was repressed by the ablation of FGF signaling (H′). In panels I–L, the rudimental gland structures are
magnified (I′, J′, K′, L′) in the insets and indicated by green arrowheads (J′, K′, L′). Scale bar in panel A, 500 μm (A–P). Scale bar in panel D′, 200 μm (D′, H′). Scale
bar in panel I′, 200 μm (I′, J′, K′, L′).
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Furthermore, the luminal epithelium expressed cSP, and simple
glands were formed. Thus, specific disruption of FGF10
signaling through FGFR1b and/or FGFR2b in the epithelium
during early proventricular development in the chick embryo
critically affects the later morphogenic events in the luminal and
glandular epithelia as described also in Fgf10 and Fgfr2b-
deficient mice (Ohuchi et al., 2000; De Moerlooze et al., 2000).
Interestingly, we could not find a significant increase in the
number of apoptotic cells in the epithelium between 7.5- and
16.5-day embryos infected with RCAS-sFgfr2b, although a
large number of apoptotic cells were observed in the
mesenchyme on day 16.5 when RCAS-sFGfr2b was infected
(data not shown).
Discussion
This study investigated the role of Fgf10 during the
morphogenesis and cytodifferentiation of the proventriculus
(glandular stomach) in the chicken embryo. Many studies have
revealed the importance of the FGFs in the formation of a
number of organs (Powers et al., 2000), but little is known about
the role of these factors in digestive organ development. The
chicken embryonic proventriculus was chosen as our model
system, as it is well characterized with respect to morphological
differentiation and gene expression patterns (Yasugi, 2000;
Yasugi and Fukuda, 2000). It is well known that glandformation and differentiation of the epithelium into luminal
and glandular parts are controlled by the mesenchyme
(Takiguchi et al., 1986; Urase and Yasugi, 1993; Yasugi,
1993; Fukuda et al., 1994; Urase et al., 1996). This study shows
that the activation of FGF10 signaling in ovo stimulates cell
proliferation in luminal and glandular epithelia and leads to a
dramatic hypermorphosis of both structures. Forced Fgf10
expression further disrupts epithelial differentiation and ectop-
ically induces the luminal epithelium in the glandular
epithelium. The inhibition of the FGF signaling through
FGFR1b and FGFR2b downregulates cell proliferation in the
proventricular epithelium and leads to disrupted gland forma-
tion. Furthermore, the effects of the inhibition of the FGF
signaling seen during early development delay cSP and ECPg
expression in the luminal and glandular epithelia, respectively.
Our findings strongly indicate that the FGF10, as an early
mesenchymal factor, is essential for the proliferation and proper
gland formation of the proventricular epithelium through the
FGFR1b and/or FGFR2b signaling cascades.
The role of FGF10 and its receptors in the developing
proventricular epithelium
Following FGF ligand binding and FGFR dimerization,
the receptors become capable of both autophosphorylation
and phosphorylation of specific tyrosine residues on other
FGFRs. As a liganded dimer pair, the ability of FGFRs to
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well as homodimeric forms of these receptors (Bellot et al.,
1991). The principal receptor of FGF10 is FGFR2b (Miki et
al., 1992; Igarashi et al., 1998), although FGFR1b also binds
FGF10 with a lower affinity (Beer et al., 2000). This
indicates that the FGFR homodimers, FGFR1b-FGFR1b and
FGFR2b-FGFR2b, and the heterodimer, FGFR1b-FGFR2b,
might be formed on the cell membrane of both the luminal
and glandular proventricular epithelia at different rates, as
both Fgfr1 and Fgfr2 were found to be expressed throughout
the epithelium (Figs. 2T, U).
A high level of FGF10 is required for the stimulation of
DNA synthesis in FGFR1b-transfected L6 cells (Beer et al.,
2000). Although FGF10 appears to bind mainly FGFR2b in the
proventriculus, it may also bind FGFR1b and activate cell
proliferation when Fgf10 and/or Fgfr1b are expressed at high
levels. Moreover, the strong expression of Fgfr1was detected in
the glandular epithelium, and its activation may induce cell
proliferation, contributing to the proper invagination of the
glandular epithelium. Fgf1 expression was detected only in the
outermost region of the proventricular mesenchyme (Fig. 2Q),
whereas Fgf3, 4, 7, 8, 9, 16, and 18 are not expressed in the
developing proventriculus (Shin et al., 2005 and data not
shown). FGF1 in the mesenchyme does not seem to bind
FGFR1b or FGFR2b expressed in the epithelium since forced
sFgfr4 expression, which also inhibits FGF1 function, did not
affect epithelial development (Figs. 7M–P). Thus, in the
proventriculus, FGF10 is the only candidate ligand of
FGFR1b and/or FGFR2b and generates its signaling cascade
via these receptors.
The role of Fgf10 in the epithelial cell proliferation
Previous studies have shown that the rate of cell proliferation
in the developing chicken proventricular epithelium between
day 5 and 8 of incubation is 2–3 times greater than the period
after day 8 (Jin et al., 1996). Fgf10 is highly expressed in the
mesenchyme between day 5 and 8 (Shin et al., 2005), and forced
Fgf10 expression was found to stimulate cell proliferation of
both the luminal and glandular epithelia (Figs. 2A, B) and
increase the number of BrdU-labeled cells in ovo (Fig. 2D). The
receptors, Fgfr1b and Fgfr2b, were expressed in the prolifer-
ating epithelium actively incorporating BrdU (compare Figs.
2Awith H, I, and B with N, O). Moreover, cell proliferation was
downregulated by blocking FGF10 signaling on day 7.5 (Fig.
6). These findings strongly suggest that mesenchymal FGF10
stimulates the proliferation of the luminal and glandular
epithelia in the proventriculus.
In spite of the high forced expression of sFgfr2b throughout
the mesenchyme (Fig. 7I′), the glandular epithelium was
specified and small glands did form (Fig. 7K′). Furthermore,
although ECPg and cSP expression had been repressed in these
infected embryos until day 10.5 (Fig. 4F, J), the differentiation
of glandular and luminal epithelia had recovered by day 16.5
(Figs. 7F, H). It is likely therefore that the specification of gland
rudiments had initially occurred, but that their further growth
was retarded by the downregulation of proliferation via thedisruption of FGF10 signaling. Moreover, it is noteworthy that
the overexpression of Fgf10 increased the cell numbers in the
formed glands but not the number of glands. Even in the
glandular stomach of Fgf10 null mice, the epithelial cells
differentiate into basophilic chief cells in formed glands
(Ohuchi et al., 2000), which further confirms the possibility
that gland rudiments still form in the absence of FGF10. FGF10
may therefore not be an instructive signal for the development
of the glandular epithelium, but a proliferative signal required
for the progress of predetermined program of gland formation
and differentiation. As the formation and differentiation of the
luminal epithelium were disrupted by forced sFgfr2b expres-
sion (Figs. 4J, 5M, 7H′), this indicated that these processes
might also be regulated in the same manner as the glandular
epithelium.
The importance of early cellular proliferation for the
continuation of the normal developmental process in vertebrates
is highlighted by studies on Fgf10−/− and Fgfr2−/− mutant
mice (Burns et al., 2004). In these mutant mice, the ingrowth of
epithelial tissue into early cecal buds fails to occur and results in
only a rudimental epithelial structure in the mesenchymal bud.
In Fgf10−/− embryos, the outgrowth and branching morpho-
genesis of the pancreatic epithelium are arrested, and there is
precocious differentiation of a small number of exocrine cells
(Bhushan et al., 2001).
Hypermorphosis of the proventricular epithelium by Fgf10
overexpression and the mesenchymal influence upon this
process
The normal epithelium of the proventriculus is a monolayer,
but in Fgf10-infected proventriculi, monolayer epithelia are
replaced by a multilayered hypermorphic luminal and glandular
epithelia, and this is caused by excessive cell proliferation (Figs.
2A, B). The glandular epithelium in these infected embryos, that
has been newly generated in the proliferative zone, appears to
migrate towards the lumen and gradually acquire the character-
istics of luminal epithelial cells by expressing cSP as they move
away from the underlying mesenchyme. This results in a
separation of the distinct proliferative basal zone and upper zone
within the glandular epithelium (Fig. 2B). Repression of the
ECPg-expressing epithelium was observed in the proliferative
basal zone of the glandular epithelium due to actively
proliferating cells (compare with Figs. 2B and L). There is
now ample evidence that epithelial–mesenchymal interactions
are required for the proper morphogenesis and cytodifferenti-
ation of each tissue in the proventriculus (Takiguchi et al., 1986;
Urase and Yasugi, 1993; Urase et al., 1996; Yasugi, 1993;
Fukuda et al., 1994; Sukegawa et al., 2000). Epithelial cell
growth is therefore affected by interactions with the underlying
mesenchyme (Yang et al., 1979; Koike and Yasugi, 1999).
Taken together, these previous results and our current findings
show that the underlying mesenchyme may restrict the
proliferative region which can respond to FGF activity and
initiate a high rate of proliferation. As a result, at the basal
proliferative zone, epithelial cells were generated that did not
express ECPg and have therefore lost the ability to differentiate
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epithelial cells expressing cSP. On the other hand, the luminal
epithelium which migrated toward the upper zone maintained
the normal characteristics of the luminal epithelial cells and
expressed cSP. The characteristics were lost in the luminal
epithelium only where Fgf10 was overexpressed. These results
suggest that FGF10 signaling positively regulates the expres-
sion of cSP, in addition to the proliferative activity of the
proventricular epithelium.
The role of Fgf10 in the transdifferentiation of the
proventricular glandular epithelium
FGF10 overexpression was found to induce the appearance
of cSP-positive cells in the upper zone of glandular epithelium
(Figs. 1H, 2B′). This raises the question of whether these cells
are derived from the luminal epithelium or have transdiffer-
entiated from glandular cells into cSP-expressing luminal cells.
A clue to this phenomenon came from the expression of cSmad8
in the presence of FGF10. Expression of cSmad8 in the
glandular epithelium normally occurs prior to the expression of
ECPg (Figs. 5E, F) but was unaffected by forced FGF10
expression (Figs. 1L, 2M). The maintenance of cSmad8
expression in the cSP-positive epithelium, induced by Fgf10,
indicates that expression of cSmad8 defines the region of the
glandular epithelium, even when there is FGF10-induced
downregulation of ECPg (Fig. 2L). Hence, we conclude that
FGF10 signaling induces the formation of the luminal
epithelium in the glandular epithelium.
The functions of Fgf10 and EGFR signaling during the
epithelial differentiation
Overexpression of TGFα in the mouse stomach greatly
increases the number of surface mucous cells and decreases
the number of mature chief cells that produce and secrete
pepsinogen (Sharp et al., 1995; Bockman et al., 1995). EGFFig. 8. A schematic model depicting the roles of FGF10 in the morphogenesis and c
epithelium; GE, glandular epithelium; LE, luminal epithelium.and TGFα expression in the stomach epithelium inhibits acid
secretion (Bennett et al., 1989; Beauchamp et al., 1989).
These observations provide evidence that EGF and TGFα act
in an autocrine manner via the EGFR signaling pathway to
stimulate the differentiation of the luminal epithelium. In the
embryonic chicken stomach, recombinant EGF stimulates the
morphological differentiation of luminal epithelium in vitro
and induces cSP expression via the EGFR signaling pathway.
This occurs while inhibiting gland formation and ECPg
expression, without a change in cell population size (Takeda
et al., 2002). In the present study, Egfr was strongly induced
in both the luminal and glandular epithelia by FGF10 (Figs.
2J, P). It is possible therefore that the activation of EGFR by
FGF10 also contributes to the differentiation of luminal
epithelium and the differentiation of glandular epithelium into
luminal epithelium.
The role of Fgf10 in the downregulation of Shh in the
proventricular epithelium
The normal expression of Shh in the luminal epithelium
(Narita et al., 1998) is repressed by Fgf10 (Fig. 1J) in ovo when
present at high levels, while the disruption of FGF signaling
significantly augments Shh expression in the luminal epithelium
(Figs. 4L, 5O). It was previously reported that the down-
regulation of Shh in some parts of the undifferentiated
proventricular epithelium is important for the epithelium to
form glands and express ECPg (Fukuda et al., 2003). Thus, it
appears that Shh is a negative regulator of gland formation in the
proventriculus. Moreover, pancreatic development and the
expression of pancreatic genes, including Pdx1 and insulin,
requires the downregulation of Shh (Kim et al., 1997) controlled
by FGF signaling in the presumptive pancreatic epithelium
(Hebrok et al., 1998). It is possible therefore that the activation
of mesenchymal FGF10 signaling triggers the downregulation
of Shh in the presumptive glandular epithelium, which in turn
stimulates gland formation.ytodifferentiation of the developing proventriculus. PGE, presumptive glandular
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glandular stomach epithelium attenuates the expression of Shh
(Jacobsen et al., 2002). In the present study, the inhibition of
FGF10 signaling repressed cGata4 expression in ovo (Figs. 4K
and 5N), whereas forced Fgf10 expression augmented cGata4
expression in the luminal epithelium (Fig. 1I). Hence, this may
also lead to the activation of Shh.
A working model for the roles of FGF10 and its receptors
during proventricular development
On the basis of the data presented in our present study, we
propose a number of possible roles for FGF10 during the
morphogenesis and cytodifferentiation of the proventriculus in
the chick embryo (Fig. 8). In the first phase of development (I),
Fgf10 is widely distributed in the mesenchyme prior to
epithelial differentiation. As soon as the presumptive glandular
epithelium is induced or specified by the influence of
mesenchymal factors, including BMP2 (Narita et al., 2000),
and by Notch-Delta signaling (Matsuda et al., 2005), FGF10
signaling represses expression of Shh and promotes cell
proliferation in the presumptive glandular epithelium through
FGFR1b and/or FGFR2b. In the second phase of development
(II), although ECPg expression and differentiation into
glandular epithelium might be stimulated by the influence of
the mesenchymal factors, this differentiation might be repressed
in response to high levels of FGF10. This prevents precocious
differentiation. In the third phase of development (III), the
FGF10 signaling pathways, via FGFR1b and/or FGFR2b,
induce an appropriate level of cellular proliferation and
maintain the correct invagination of the glandular epithelium
which results in the formation of glandular epithelium
expressing ECPg. Thereafter, FGF10 signaling also regulates
both the size and formation of the complex glands of the
proventriculus. In phases (I) and (III), FGF10 also promotes cell
proliferation of the luminal epithelium through FGFR1b and/or
FGFR2b and regulates differentiation (cSP expression) by an
activation of EGFR signaling (Takeda et al., 2002). Although
exogenous FGF10 signaling has a negative effect on the
expression of Shh in the luminal epithelium, expression of Shh
is maintained during normal development due to the lower
susceptibility of luminal epithelium to FGF10 than glandular
epithelium.
Although the importance of epithelial–mesenchymal inter-
actions controlling gut development has been shown in many
earlier studies (Le Douarin, 1975; Haffen et al., 1987; Mizuno
and Yasugi, 1990; Yasugi and Fukuda, 2000), the molecular
nature of the mesenchymal influences in these events remains
obscure, partly because of the difficulty in analyzing the effect
of gene overexpression in vivo. Our present study identifies
FGF10 signaling, via FGFR1b and/or FGFR2b, as a factor
secreted by the mesenchyme that plays an essential role in the
proliferation of epithelial cells in vivo. This study also provides
valuable new information for the establishment of techniques to
amplify epithelial cells both in vivo and in vitro and may thus
contribute to the development of therapeutic approaches to the
future management of gastric diseases.Acknowledgments
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